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^mers  have  two  configurations:  p^^rallel  stacked  and  displaced  (based  on 
(benzene)^)  and  perpendicular.^.- (Benzene (toluene)^i,  and  toluene- 
benzene  form  excimers  in  ther'excited  state  for  the  para^el  stacked  dis¬ 
placed  configurationg^, ''ii'he  transf^^ntation  of  (benzene)2  '  to  the  excimer 
takes  place  at  the  0  with  a  /-O-'TfnT'j  barrier  while  the  excimer  is  formed 
for  toluene-r^nzepe  with  a  <<^0  cm  barrier.  An  exciton  analysis  of  the 
(benzene)^'  0^  and  yeilds 'K  ,  the  excitation  exchange  interaction, 
equal  to  civ^.°  ^ 

\  /\  \ 
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I.  latrodBctloa 

0a«  of  the  Boat  iaportaat  applicatioat  of  aoleealar  Jot  apeetroacopy 
kaa  beaa  to  the  atady  of  iateraoleealar  iateractloas  aad  dyaaaica.  Stadiea 
of  chtoaophore  aolate  aolecalet  aarroaaded  by  laert  gaaea  aad  aiaple  alkaaea 
haTe  beaa  aaggested  to  be  aaefal  ia  the  aodeliag  of  aolatioa  behavior.^  la 
like  aaaaer.  aroaatic  dlaera.  triaera,  tetraaera,  etc.  aay  be  thoaght  of  aa 
poteatial  aodel  aysteae  for  pare  eoadeaaed  phasea.  Btob  if  the  geoaetry  aad 
dyaaalca  of  either  of  theae  aaall  claater  aodel  ayateaa  are  quite  differeat 
froa  thoae  of  the  eoadeaaed  phaaea  per  ae.  the  aoleealar  Jet  geaerated 
elaatera  aerae  ae  aa  iaportaat  eoapoaeot  of  oar  aaderataadiag  aad  aodeliag 
of  the  eollectiae  propertiea  of  eoadeaaed  aatter. 

Jet  geaerated  aroaatle  diaera  have  beea  atadied  by  aariooa  teehaiqaea: 

(tetraziBe)2>^  (beaxoie  aeid)2.^  (beaxeae)2.^  •nd  (beaxeae-tetraziae)^  haae 

beea  ezaaiaed  by  optical  apeetroacopy,  aad  aoleeale  beaa  electrie  reaaoaaaee 

^7  7 

(NBER)  atadiea  haae  beea  reported  for  (beaxeBe)2>  *  (hexaf laorobeaxeBe)2* 
aad  (beaxeae-hexaf laorobeaxeae).'^  Photoioaizatioa  tiae  of  flight  aaaa 
apectroacopy  (TOMFS)  atadiea  haae  thaa  far  oaly  beea  reported  for 
(beBxeBe)2.**’ 

The  abore  atadiea  hare  two  pertiaeat  aad  coaaoa  goala — the  elaeidatioa 
of  diaer  geoaetry  aad  eaergy  dyaaaica.  The  oaly  veil  doeaaeated  diaer 
atraetarea  are  thoae  of  (tetraxlae)2  aad  (beaxeae-tetraxiae)  for  vhieh  high 
reaolatioB  rotatioaal  atractare  haa  beea  reported  aad  aaalyxed  for  the 
optical  traaaitioaa.  Specific  aad  detailed  iateraoleealar  iateractioaa  aeea 
to  play  aa  iaportaat  role  ia  deteraiaiag  the  relative  orieatatioaa  of  the 
tvo  aoBoaer  aabaaita.  The  gaa  phaae  atractare  of  the  diaera  doea  aot  appear 
to  be  aeeeaaarily  the  aaae  aa  expected  froa  kaova  eryatal  atraetarea. 
Noaetheleae.  Eleaperer  et  al..^'*^  aaiag  the  MBEB  teehaiqae.  have  aaggeated 

)des 

that  the  relative  orieatatioaa  of  the  tvo  aabaaita  ia  (beBxeae)2*  — 

*  I  or 

/i-1 
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(k«zaflaorob«aieae)2«  *>4  (hezaflaorobeaxane-baBzeae)  arc  eoaalataat  wltb 
tba  aaaraat  aalgbbor  traaslatloaally  iaqaivalaat  aolacala  oriaatatloas  foaad 
ia  tbe  eryatal.^^*^^  At  la  (beaxaaa)2*  the  tvo  aoaoaer  aabaaita  la 
(bazaflaoro  beaxeae)2  are  atated  to  be  arraaged  la  a  perpeadlealar  faabloa. 
Ia  tbe  (bezaflaorobeaxeae-beaxeae)  dlaer  tbe  tvo  aoleealea  are  arraaged  la  a 
parallel  atacbed  orleatatloa.  Oae  aaat  aaderataad.  boveTer«  that  tbe  MEEK 
teebalqae  aelecta  for  polar  aolecalea  aad  elaxtere  oaly  aad  tbas  aay  aot 
reader  aalqae  resalts. 

Naaeroas  tbeoretleal  treataeats  of  tbe  relative  orleatatloas  of  beaxeae 
aoleoales  la  tbe  beaxeae  dlaer  have  appeared.  No  aaaalaoas  agreeaeat 
ezlats  aaoag  those  stadles.  Ia  geaeral,  foar  arraageaeats  of  tbe  beaxeae 
aolecales  have  beea  saggested:  tbe  perpeadlealar  or  T,  tbe  parallel 
staeked,  tbe  parallel  slde-by-slde  aad  parallel  displaced  aad  tilted 
coaflgaratloas. 

Baergy  dyaaales  have  also  beea  explored  la  soae  dlaer  systeas  aad  are 
foaad  to  depead  slgalf Icaatly  oa  geoaetry.  la  (tetraxlae)2»  tvo  dlstlact 
eoaforaatloas  bare  beea  cbaraeterlxed  :  oae  dlaer  eoaforaatloa  Is  plaaar 
vltb  tvo  traaslatloaally  eqalvaleat  aolecales  aad  tbe  other  dlaer 
eoaforaatloa  Is  perpeadlealar  vltb  syaaetry  laeqaivaleat  riags  givlag  rise 
to  tvo  eleetroalc  traasltloas.  la  (beaxoic  aeid)2>  eleetroaie  ezcltatioa  Is 
foaad  largely  localized  la  oae  or  tbe  ether  aoleealar  sabaait.  Shortealag 
of  tbe  8^  life  tlae  la  (beaxeae)2  caa  be  attrlbatcd  to  tbe  roarraageaeat  of 
a  groaad  state  eoaf Igaratloa,  assaaed  to  be  perpeadlealar,  to  aa  ezelaer 
eoaf Igaratioa  apoa  ezcltatioa.^ 

Tbe  vork  reported  la  this  paper  la  aa  oatgrovtb  of  tbe  atadies  of  the 
tolaeae  dlaer:  tbe  data  for  tbe  tolaeae  aystea  are  qalte  eoaplieated  aad 
soaevbat  pcrplezlag.  la  order  to  aaderataad  these  latter  resalts,  data  have 
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tliete  additioBtl  BytteBS  vonld  terTe  at  a  guide  for  tbe  (toliieBe)2  tpecica 
aBd  prove  a  test  for  oar  teclmiqBet.  Poor  axperiaeBtt  ob  tolBone-beBzeBe, 
(beBteBe)2>  ead  (tolBeae)2  were  carried  oot:  two-color  pbotoloBlxatioa  tiae 
of  flight  aatt  spectroscopy  (2-color  MS).  deteraiaatloB  of  life  tlaes, 
iOBlzatloB  eaergy  depeodeBce  of  the  T(VMS  latcBslty,  sBd  cbsBges  la  these 
resBlts  with  isotopic  sabstltatloB. 

ThroBgh  these  ezperiaeatt,  the  tolaeBe-hcBzeBe  dlaer  is  foaad  to  have 
two  distiact  coaforaat ioBs.  We  soggest  that  la  oae  coaforaatioa  the  two 
Bolecales  are  parallel  with  their  ceaters  displaced  froa  oae  aaother.  We 
call  this  the  parallel  displaced  coaf igarat ioa.  The  aolecales  la  the 
parallel  displaced  coafigaratioa  rearraaged  iato  aa  eziaer  coaforaatioa  apoa 
ezcitiatiOB  to  Sj*.  the  harrier  for  this  geoaetry  chaage.  a  shift  ia  positloa 
sad  a  shorteaiag  of  the  later-rlag  distaace,  is  foaad  to  he  ~900  ca*"^.  The 
other  tolaeae-heazeae  diaer  geoaetry  featares  the  two  sahaaits  ia  a 
perpeadiealar  arraageaeat  giviag  rise  to  aore  thaa  oae  possible  local 
coafigaratioa.  The  parallel  displaced  coafigaratioa  is  ahoat  tea  tiaes  aore 
prewaleat  for  oar  aolecalar  jet  ezpaasioa  coaditioas  thaa  the  perpeadiealar 
geoaetrles.  The  ohserwatioa  of  two  possible  coaf igarat ioas  for  the  tolaeae- 
heazeae  diaer  has  led  to  a  aore  coaplete  iaterpretatioa  of  tolaeae  diaer  aad 
to  a  reewalaatioa  of  the  geoaetry  of  the  heazeae  diaer. 

Aa  isotope  effect  stady  of  the  heazeae  diaers  (h^:h^,  h^rd^) 
leads  to  the  coaclasioa  that  ezeitatioa  ezchaage  or  ezeitoa  effects  doalaate 
the  Oq  traasitioB.  We  thereby  coaclade  that  the  groaad  state  coaforaatioa 
of  this  species  is  parallel  displaced  with  C2|^  syaaetry.  This  parallel 
displaced  coaforaatioa  traasforas,  apoa  ezeitatioa.  iato  aa  ezeiaer 
geoaetry:  the  harrier  height  for  this  traasforaatioa  is  zero.  The  data  are 
also  eoasisteat  with  the  less  likely  geoaetry  of  two  side-hy-slde  aolecales 
ia  a  eoaaoa  plaae  (diaer  syaaetry  D^h^* 
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The  abeorptioa  spectrva  of  the  toleene  dlaer  shove  great  coaplexity. 
loaixatioa  aaergy  depeadeace  of  the  ahsorptioa  featares  stroagly  avggest 
that  tvo  differeat  geoaetries  are  preseat.  These  are  aost  likely  the 
parallel  displaced  aad  perpeadicalar  coaf  igarat  ioas;  aafortvaately,  both 
spectra  fall  ia  the  saae  regioa. 

II.  Bzperiaeatal  Procedares 

The  sapersoaic  aolecalar  Jet  apparatas  eaployed  ia  this  vork  aad  the 
procedares  for  obtaiaiag  the  2-color  MS  data  have  beea  described  ia  detail 
previoasly.^*  laforaatioa  specific  to  the  preseat  experiaeats  oaly  will  be 
preseated  belov. 

Tvo  Qaaata-Ray  Nd:TAG  paaped  dye  laser  systeas  provide  the  excitatioa 
aad  loaixatioa  laser  beaas.  The  iaitial  excitatioa  process  to  is 
accoapllshed  typically  vith  Coaaaria  500  ia  the  dye  laser;  hovever,  for 
d^*:dj  aad  dj*:h^  IDS  598  is  ased.  The  oatpat  of  the  Coaaaria  dye  is 
doabled  aad  the  oatpat  of  the  IDS  698  aast  be  doabled  aad  aixed  vith 
1.06  |w.  loaixatioa  (S^  to  I)  is  affected  by  varioas  freqaeacy  doabled  dye 
oatpats.  Most  of  the  detailed  iaforaatioa  aboat  laser  eaergy  aad  iateasity 
is  iacladed  la  the  figare  captloas.  The  excitatioa  aad  loaixatioa  beaa 
vidths  are  tjrplcally  ~0.25  ca~^.  Bovever,  ia  the  expariaeat  fox  vhich 
iafrared  aixiag  is  reqaired  (doabled  LDS  698  *  1.06  pa)«  the  excitatioa 
laser  bead  vidth  is  lacreased  to  ~1  ea”^  (~  /0.25  ♦  0.85  ). 

The  S|^  lifetiaes  of  the  diaerlc  species  are  deteraiaed  by  varyiag  the 
tiae  delay  betveea  the  paap  aad  the  loaixatioa  laser  palsea  while  aoaltoriag 
the  2-eolor  MS  sigaal  iateasity.  The  loa  sigaala  are  processed  throagh  a 
Tektroaix  7912AD  prograaaable  digitiser,  vith  7A16P  aad  7B90P  plag-ia  waits, 
vhich  is  iaterfaeed  to  aa  BP  9845S  coapater.  The  prograaaable  digitiser  ia 
delay-triggered  froa  aa  Evaas  digital  delay  board  to  aiaiaise  iateatisy 


flsctBatiOBt  dve  to  tlae  jitter.  The  two  laser  palses  are  woBltored  by  the 
same  1P28  photoanltlpller  tube.  In  order  to  obtaia  an  accurate  BcasBreaeat 
of  the  tiae  delay  between  the  two  pulses,  a  saall  portion  of  the  1-eolor  MS 
si(nal  dne  to  the  poap  bean  is  intentionally  aonitored.  This  latter  signal 
is  nsnally  too  saall  to  be  obserwed,  bnt  in  this  ease  it  is  generated  by 
increased  pnap  laser  Intensity  to  serve  as  a  calibration  aark  for  aero  tiae 
delay.  Thns,  the  tiae  delays  between  the  two  laser  pnlses  can  be  accnrately 
aeasnred  between  the  weak  1-color  MS  and  intense  2-color  MS  signals.  Bach 
data  point  is  an  average  of  640  laser  shots.  Laser  power  drifts  are 
ainiaized  by  coapleting  the  particnlar  lifetiae  experiaent  in  a  short  period 
of  tiae  (“1/2  honr)*.  observed  power  drifts  in  the  lasers  are  ronghly  5%  per 
1/2  honr.  The  lifetiae  data  should  be  acenrate  to  within  ±5  ns. 

Three  different  nozzles  are  eaployed  in  this  apparatns  to  obtain  2- 
color  MS  spectra:  a  25  pa  Cf  nozzle,  a  50  pa  Cf  nozzle,  and  a  0.5  aa  pnlsed 
nozzle.  The  teaperatnre  of  nozzle  is  kept  at  25*C  nnless  otherwise  stated 
in  the  figure  captions.  No  obvious  differences  in  spectral  featnres  are 
observed  as  a  function  of  nozzle  types  except  for  intensities:  the  0.5  an 
pulsed  nozzle  gives  the  aost  intense  spectra.  Llfetlaes  of  the  toluene 
diaer  are  found  to  depend  on  nozzle  conditions,  however. 

Calibration  for  the  absorption  spectra  is  provided  either  by  the 
optogalvanic  effect  for  a  Fe-Ne  hollow  cathode  leap  or  a  calibrated 
McPherson  1.0  a  aonochroaator.  Absolute  positions  of  spectral  features  are 
accurate  to  ±1.0  ca"^  end  relative  positions  are  accurate  to  +0.3  ca"^  for 


sharp  features. 
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Tvo  additioail  •zpariaeats  oa  tbe  beazeae  diaar  haaa  baaa  earriad  oat: 
a  Stark  affaet  atady  parforaad  by  aarylat  tha  potaatlal  bataaaa  tba  plataa 
of  tba  aaaa  apactroaatar  (300  V  to  2000  ?  oaar  a  diataaca  of  ~1.0  ca)  aad  a 
two  pbotoa  abaorptloa.  TOFMS  detactad  atady  of  tba  (baoaaaa)2  0^^ 
traaaltloa. 

III.  Baaalta 

la  tbla  aactiOB  tba  azpariaaatal  data  for  aacb  dlaar  will  ba  raportad 

aaparataly  for  foar  azpariaaata:  2-eolor  MS.  ioalzatioa  aaargy  dapaadaaee 

of  tba  abaorptloa  faataraa.  S^  lifetiaaa,  aad  isotopic  affaets.  Eaiaaioa 

atadlaa  wara  aot  parsaad  for  tbeae  syataat  baeaaaa:  (a)  aaiaaioa  apactra  of 

(baBzaBa)2  era  wall  doeaaaatad*,'^  (b)  tba  total  aaiaaioa  of  tba  tolaaaa  diaar 

la  qaite  waak*,  aad  (e)  sigaiflcaat  iatraaolacalar  wibratloaal  radiatribatloa 
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procaasas  ara  azpactad  for  (tolaaoa)2  aad  tolaaaa-baazaaa. 

A.  Tolaaaa-baazaaa 
1 .  2-Color  MS 

Tha  0^  lawala  of  tolaaaa  aad  baazaaa  la  tbair  firat  azeitad  atataa 
ara  aaparatad  by  oaly  608  ca~^.  Thaa,  apoa  azeitatioa  of  tba  0^  aad  6^ 
lawala  of  tba  baazaaa  aolacala  la  tba  aizad  diaar*  higbar  lawala  of  tba 
tolaaaa  aolacala  will  alao  ba  aecaaaad  (i.a..  6a^.  6b^*  1^*  12^.  aad  ISa^). 
For  aotatioaal  eoaTaalaaea  wa  will  rafar  to  tba  coapoaaat  of  a  diaar 
aecaaaad  by  aa  aatarlak:  bg*:h^,  bg*:d^.  dg*:dg.  bg*:bg.  ate.  (bg  aad  dg 
rapraaaat  tolaaaa-bg  aad  baazeaa-dg.  raapactiwaly). 

bg*ibg:0Q^.  Fig.  1  (top  traea)  daacribaa  tba  2-color  MS  apaetraa  of 
bg*:bg  aaar  tba  tolaaaa  Og^.  Tba  apaetaa  ia  tbia  ragioa  ia  fraa  of 
eoagaatioa  aad  witboat  faataraa  of  hg*:bg.  Two  aata  of  paaka  ara  obwioaa 
froB  tba  figaraa:  oaa  aat  it  rad  abiftad  ralatiwa  to  tha  tolaaaa  Og^  by  250 
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to  100  ca~^  and  the  other  eet  is  la  the  proxiaity  of  the  tolneae  0^^  (-2S  to 
■*■35  ea~^).  The  aore  red  shifted  beads  are  roaghly  aa  order  of  aagaitmde 
aore  iatease  thaa  the  less  red  shifted  oaes.  The  positloas  of  these 
festares  are  tabalated  la  Table  I. 

The  lover  eaergy  featares  csa  be  aaalyzed  as  a  stretchlag  progressloa 
ballt  oa  the  -247  ca~^  featare.  This  latter  bead  Is  thereby  asslgaed  as  the 

traasltioa  of  oae  coaf igarat ioa  of  h3*:h£  (see  Table  I).  The 
traasitioas  aear  the  tolaeae  bear  ao  appsreat  relstioaship  to  the  lover 
eaergy  set.  Moreover,  they  have  s  doablet  straetare  sad  are  aot  readily 
aaalyxed  as  a  progressloa  ballt  oa  a  glvea  featare  or  a  set  of  festares  (see 
Fig.  2).  These  vesk  traasitioas  csa  be  thoaght  of  as  dae  to  a  aaaber  of 
slallar  coaf  igarat  loas  of  hg*:h^.  Saggestioas  for  geoaetries  associated 
vith  these  tvo  sets  of  featares  vill  be  coasldered  la  the  Discassioa 
sectloa. 

hg*;  hgilSq^,  <Sq^,  6bQ^,  etc.  The  2-color  MS  spectraa  of  hg*:hg 
reaalas  relatively  free  of  coagestloa  ap  to  the  SbQ^  traasltioa  of  tolaeae. 
The  proaiasat  absorptioa  featares  la  this  spectral  regioa  are  tabalated  la 
Table  I.  Only  the  lover  eaergy  coaf igarstioa  is  observed  at  15q^  vith  tvo 
VSB  der  laals  stretchiag  featares.  A  slallar  spectraa  is  observed  at  Sag^. 
The  higher  eaergy  coaf Igarat ioa  is  apparaatly  too  vaak  to  be  observed.  The 
absorptioa  spectraa  of  hg*:hg  at  6bg^  is  slallar  to  that  observed  for  the 
Oq^.  Beads  dae  to  both  coaf igarat loas  are  observed.  It  is  aot  possible  to 
assiga  all  the  featares  at  Ig^,  12g^.  sad  ISsg^  aalqaely  beeaase  of  overlap 
betveea  traasitioas  to  differeat  vibrstioas  aad  differeat  coaf igaratioas 
(see  Table  I). 

hg*;hg  Og^  .  This  spectral  regioa  exhibits  eoaplloated  straetare  dae 
to  the  overlap  of  (bg^  (hg*:hg)  aad  Ig^  (hg*:hg).  By  eoaparisoa  vith  the 
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d^*:hg  •pcctrsB  a  featore  apecific  to  tfce  li^*:kg  Oq^  cao  be  located  at 
~-43  from  beaieae-bg  expected  0^^. 

preaeata  tbe  abaorptioa  apectroa  of  hg*:bg  aad 
dg  :bg  aear  tbe  orlsia  of  b^.  Afaia.  denteratioa  of  tbe  beazeae  aoiety 
ia  tbe  tolaeae  beazeae  diaer  aide  ia  tbe  ideatif icatioa  of  tbe  bg*:bg 
abaorptioa  baada.  Aa  lateace  doablet  at  -45  ca~^  froa  bg^d^^  ia  clearly 
aaaociated  with  bg*:bg.  Tbe  aite  aplittiag  of  tbe  doablet  ia  *>'4.5  ca"^. 
Table  II  saaaarizes  tbeae  data. 


2.  loaizatioa  caergy  depeadeace 

Tbe  loaizatioa  poteatlals  of  toaleae  aad  beazeae  aoaoaera  are 
baoaa.^^  la  geaeral,  tbe  loaizatioa  tbretbold  for  a  claater  ia  a  few 
baadred  ca~^  lower  ia  eaergy  tbaa  tbe  correapoadiag  aonoaer  tbrezbold.^^ 
Tbe  oazet  of  loaizatioa  is  aot  sharp  ia  aost  clasters.  2-eolor  MS  data  have 

O 

already  beea  pabllsbed  for  beazeae  clasters,  aad  this  saae  eaergy  wax 
eaployed  for  b^*:bg  aad  d^*:bg  loaizatioa  eaergy  (Xj  **  2789  1).  For  bg*:bg 
aad  dg*:bg  tbe  tolaeae  aoaoaer  loaizatioa  eaergy  was  ased  (Xj  -  2975  1). 
Usiag  aa  loaizatioa  beaa  waweleagtb  of  2789  1  for  bg*:bg  aad  dg*:bg,  ao 
fragaeatatloa  was  observed.  Tbls  observatioa  saggests  that  tbe  biadiag 
eaergy  of  is  sore  tbaa  2200  cb~^. 

Oa  tbe  other  bead,  loweriag  tbe  loaizatioa  beam  eaergy  by  dOO  eB~^ 
(froa  Xj  B  2975  1  to  3029  X)  ceases  a  cbaage  la  relative  iateasity  of  tbe 


bg*:bg  Oq^  featares  at  ~  -250  cb~^  coapared  to  those  at  -25  eB~^.  The 
differeat  loaizatioa  eaergy  depeadeace  of  tbe  two  sets  of  absorptioa 
featares  saggests  tbe  existeace  of  at  least  two  distiact  coaf igaratioas  for 


bg:bg  (see  Fig.  1).  Tbls  tread  is  best  seoa  for  tbe  aad  dsQ^ 

traasitloas.  Siailar  stadias  for  bg*:bg  were  lacoaclasive  becaase  of  weak 
iateasity  aad  spectral  coagestloa. 


3.  Llfctiaes 

The  lifetiae  for  h^  :h^  It  foBBd  to  be  *~40  at  vbile  the 
lifetlae  of  h^  1>  103  nt.^^  Thlt  hehtvior  htt  been  previoBtly  ezplaiaed  to 
be  doe  to  ezciaer  forattioB  in  h^*:h^.  By  aoBitorins  the  lifetiae  of 
both  geoaetrlet  of  hg*:h^  end  h^*:h^,  the  excited  atete  dynaaica  of  thia 
diaer  can  be  explored.  The  lifetiae  atody  for  the  higher  energy 
coaf ignrat ion  vaa  confined  to  the  0^^  becanae  of  eongectloa  and  low 
intenaity  for  other  wibronic  levela.  Note  the  lifetiaea  of  bg*:hg  are 
75  na  at  the  0^.  60  na  at  the  6b^.  and  49  na  at  12^  (tee  Table  III).  The  8^ 
lifetiae  of  hg*:hg  at  6^  (aore  than  1300  ca~^  above  the  hg*:hg  it 

36  na.  Thia  latter  lifetiae  it  the  aaae  aa  that  fonnd  for  hg*:hg.  Te 
SBggeat  that  this  gradnal  decrease  in  the  lifetiae  of  the  lover  energy 
diner  as  higher  vibronic  states  are  probed  is  dne  to  rearrangenent  of  hg*:hg 
and  into  an  exciner  conf ignration.  This  transfornation  takes  place 

with  a  finite  barrier  height. 

4.  Isotope  Effects 

The  effects  of  isotopic  snbstttntion  on  the  tolnene-benzene  diner 
has  been  exaained  at  the  Oq^  and  6bQ^  transitions  for  both  geoaetries:  both 
conf  ignrat  ions  have  been  stvdied  at  the  Oq^,  bnt  only  the  low  energy  one  has 
been  stndied  at  the  dbg^.  The  resnlting  spectra  are  presented  in  Figs.  2, 
4«  and  5.  The  relative  shifts  between  the  protonated  and  denterated 
isotopic  diners  (hg*:hg,  hg*:dg,  ^g**l*f>  listed  in  Table  IV. 

The  nost  striking  featnres  of  these  data  are  the  wnnsval  direction  of  the 
shifts  and  difference  in  ahifts  for  the  two  conf igntat ions. 


B.  Beazea*  Biaar 


Altboagk  tba  baazeae  diaer  hat  beea  azzaiaad  ia  tba  Jat  tbroagb  2-color 
f laoresceae,^  aad  MBEK  ezperlaoatz,^'^  recalts  for  tbe  tolaeae- 
boBzeae  diaer  zaggest  that  the  preaioaa  deteraiaatioa  of  the  beazeae  diaer 
coaforaatioa  aad  ezcited  atate  dyaaaica  aigbt  veil  reqaire  reyiaioa.  The 
Diacassioa  aectioa  aill  deal  with  the  iaterpretatioa  of  theae  data  ia  teraa 
of  ezcitatioa  ezehaage  theory. 

1.  2-€olor  MS 

The  abaorptiOB  apectraa  of  the  beazeae  diaer  ezhibita  oaly  oac 
bead,  red  ahifted  by  ~40  ca~^  relative  to  the  beazeae  aoaoaer  eleetroaic 
origia.  A  doablet  ia  obaerved  for  the  6q^  traaaitioa  together  with  three 
veah  featarea  (aee  Figa.  6  aad  7),  previoaaly  aaaigaed  aa  yaa  der  faala 
aodea  of  the  beazeae  diaer.  The  data  are  aaaaarized  ia  Table  V. 

2.  Lifetiaea 

Sj  lifetiaea  have  beea  obtaiaed  for  h^*:h^,  ^6**^6* 

d^*:h^  at  the  0^  aad  6^  leyela.  Beaalta  are  tabalated  ia  Table  III.  Note 
the  abort  lifetiae  of  the  beazeae  diaer  aa  coapared  to  that  of  the  aoaoaer. 

3.  laotope  effecta 

A  atady  of  the  iaotope  effecta  for  the  beazeae  diaer  haa  beea 

19  0 

reported  for  the  6q  traaaitioa.  Boveyer,  vithoat  iaforaatioa  oa  the  Oq 

traaaitioa*  iaterpretatioa  of  theae  data  ia  iacoaplete.  Thaa*  ve  have 

carried  oat  a  ayateaatic  atady  of  the  iaotope  effect  for  the  beazeae  diaer 

for  both  the  Oq^  aad  traaaitioaa  (aee  Figa.  6  aad  7  aad  Table  ▼).  No 

aigaifieaat  differeacea  are  foaad  for  the  traaaitioa  betveea  the 


preyioaaly  reported  iaotope  effecta  aad  thoae  reported  ia  thia  work.  Note 
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la  particalar  tbat  for  both  the  Oq^  aad  60^  traasitioas  the  hosoaolecalar 
diaere  (h^*:h^  aad  d^*:df)  always  appear  to  lower  eaergy  thaa  the  mixed 
dlaers  (h£*:d^  aad  d^*:h^).  This  Is  clearly  aot  associated  with  a  aoraal 
Isotope  effect. 

4.  Miscellaaeoas  experlaeats 

Two  other  experlaeats  hawe  beea  carried  oat  for  the  beaxeae  diaer: 
a  Stark  effect  lawest isat ioa  aad  a  two  photoa  absorptioa  stady  of  the  00^ 
traasitioa.  Both  experlaeats  are  desigaed  to  locate  aay  hiddea  or  forbiddea 
traasitioas.  Both  experlaeats  prodace  aegatiwe  resalts. 

The  woltage  at  the  IWMS  loalzatloa  regioa  was  warled  froa  300  V/ca  to 
2000  V/ca.  No  broadealag  of  the  b^*:h^  00^  traasitioa  Is  obserwed  ower  this 
raage  of  Stark  voltages. 

A  search  for  the  two  photoa  absorptioa  of  the  00^  traasitioa  was  aot 
saeccssfal.  A  two  photoa  speetraa  woald  arise  ia  this  regioa  if  a  g' 
syaaetry  excitoa  state  were  preseat.  Ia  order  to  test  oat  this  aetbod, 
however,  we  searched  for  a  two  photoa  absorptioa  of  a-propyl-beaxeae  at  the 
traasitioa:  this  experiaeat  was  also  aasaecessfal  iadicstiag  that  the 

two  photoa  sigaal  is  about  10^  times  smaller  thaa  the  oae  photoa  sigaal.  If 
the  loaixstioa  beam  is  focused,  a  small  sigaal  due  to  aoaresoaaat  four- 
photoa  ioaixation  caa  be  observed. 

C.  Tolueae  diaer 
1.  2-Color  MS 

Absorptioa  spectra  of  the  tolueae  diaer  are  preseated  for  the  Oq^ 
regioa  oaly.  Spectra  of  the  higher  vibroaic  traaaitioaa  are  omitted  due  to 
spectral  coagestioa.  Fig.  8  (bottoa  trace)  shows  the  absorptioa  spectrua  of 
hg*:h|  aear  the  tolueae  aoaoaer  electroaic  origia.  The  absorptioa  spectrua 


eoatlst*  of  sharp  and  diffose  faatBres  with  as  vaderlyias  broad  backgroaad. 
Siailar  spectra  obtaia  for  b^^idg,  dg*:dg,  aad  dg*:bg  (sea  Figs.  8  aad  9  ). 

Tbe  absorptioa  faatares  of  bg*:dg  aesB  to  be  aoaewbat  sbarpar  tbaa 
those  of  tbe  other  iosotopes.  Altboagb  large  tolaeae  elaatera,  (tolBeoe)g, 
(tolaeae)^.  etc.  have  absorptioa  la  tbe  aaae  regioa,  fragaeatatioa  baa  beea 
foaad  to  be  aialaal.  Moreover,  the  absorptioa  iateasity  of  (tolaeae)g  aad 
(tolBeae)g  for  tbe  beaa  coaditloas  eaployed  is  foaad  to  be  at  least  a  factor 
of  tea  saaller  tbaa  that  foaad  for  (tolaeae)2.  The  relative  poaitioas  of 
the  aajor  absorptioa  beads  for  (tolaeoe)2  are  listed  la  Table  VI. 

2.  Lifetiaes 

The  $2  llfetiae  data  for  tbe  aajor  absorptioa  featarca  of 
(tolaeae)2  with  tolaeae  ezpaaded  ia  a  0.5  aa  palsed  aoszle  are  listed  ia 
Table  VI.  The  aotile  teaperatare  is  aaiatalaed  at  4*C  dariag  this 
ezperiaeat.  Belatlvely  shorter  lifetiaes  (by  -lO  aa)  are  obtained  for  Boat 
of  tbe  absorptioa  featares  (see  Table  vi)  of  hg*:bg  with  a  2S  |ia  CV  aoaale 
at  2S*C  or  a  O.S  aa  palsed  aoszle  at  70*C:  tbe  lifetiae  appears  to  be 
seasitive  to  beaa  coaditloas  aad  cooling.  Note  also  that  relatively  aborter 
lifetiaes  are  foand  for  4g*:hg  aad  that  relatively  longer  lifetiaes  are 
foaad  for  dg*:dg.  Ve  do  not  folly  anderstand  this  behavior  at  present.  The 
detailed  stractare  of  the  ezcited  state  energy  bypersarfaea  aad  precisely 
where  on  this  sarfsce  the  aolecale  resides,  seea  to  play  an  essential  role 
in  deteraiaetion  of  tbe  lifetiaes  of  the  diaeric  isotopic  species  of 


tolaene . 
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3.  Ionisation  energy  dependence 

All  ieotopic  diners  of  tolnene  ebon  two  different  energy 
dependences  for  the  ionization  energy.  The  more  red  shifted  (broed) 
features  have  a  lover  ionization  energy  than  the  less  red  shifted  (sharp) 
features  (see  Figs.  10  and  11).  This  is  the  sane  trend  that  is  observed  for 
the  toluene-benzene  diner, 

4.  Isotope  effects 

Isotope  effects  for  the  tolnene  diner  have  been  ezanined  for  the 
Oq^  transition.  The  spectra  and  data  can  be  found  in  Pigs.  8  and  9  and 
Table  YI.  Bovever.  dne  to  the  conplicated  broad  stmctnre  of  the  spectmn, 
the  isotopic  effects  can  not  readily  be  assigned  or  collared. 

lY.  biscnsslon 

The  Internolecnlar  interactions  and  energy  dyaanles  of  the  diners  can 
nov  be  addressed  based  on  the  results  presented  in  the  last  section.  We 
vill  discBss  the  three  systens  separately.  Since  the  toluene-benzene  diner 
has  been  pivotal  in  our  understanding  of  the  other  diners,  ve  vill  discuas 
it  first. 

A.  Tolaeae-benseae  diners 
1.  Geonetry 

The  absorption  speetrun  of  hg*:h^  clearly  ahova  tvo  sets  of 
absorption  bands.  These  feetures  have  been  associated  vith  tvo  distinct 
configsrations.  The  absorption  features  of  the  lover  energy  set  can  be 
analyzed  as  a  transition  folloved  by  s  progression  in  a  van  der  Waale 
streteh.  The  absorption  features  of  the  higher  energy  act  are  not  readily 
analyzed  in  this  fashion  (see  Figs.  1  and  2  and  Table  I).  These  tvo  sets  of 
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fcatnras  ar«  apparently  nnralatad*.  that  is,  the  higher  energy  set  is  not 
bnilt  on  the  lower  energy  one.  The  features  also  haws  different  ionisation 
energies:  the  higher  energy  set  of  transitions  near  the  tolnene  Oq^  has  an 
ionization  energy  at  least  dOO  ca~^  higher  than  the  lower  energy  set.  Other 
differences  haws  been  noted  in  the  Eesnlts  section. 

As  all  the  absorption  featnres  associated  with  the  higher  energy 
gronping  hawe  the  sane  ionization  energy  depandenca  and  siailar  spectral 
shifts,  they  anst  arise  froa  siailar  conforaations.  This  pattern  would  seea 
to  he  aost  likely  generated  by  a  perpend icnlar  arrangeaent  of  the  tolnene 
and  benzene  aolecnles.  Several  possible  orientations  of  the  tolnene  and 
benzene  aolecnles  can  give  rise  to  a  perpendienlar  arrangeaent*,  this  wonld 
in  tnm  generate  a  nnaber  of  different  transitions  with  siailar  energies. 

The  aore  red  shifted  bands  appear  to  arise  froa  a  single  conforaation 
of  hg:h^.  Based  on  intensities,  this  conforaation  is  favored  by  ronghly 
10:1  over  the  perpendicular  ones.  We  assign  these  featnres  to  a  parallel 
displaced  configuration  for  the  following  reasons:  (a)  coaparison  with 
benzene  discussed  below*,  (b)  the  parallel  displaced  conforaation  can  easily 
transfora  into  an  ezciaer  npon  excitation;  and  (c)  given  that  the  higher 
energy  featnres  are  thought  to  arise  froa  a  perpendicular  geoaetry,  the 
parallel  displaced  geoaetry  seeas  aost  reasonable. 

Two  parallel  displaced  geoaetries  are  possible.  Polarizability 

arguaents  would  favor  the  aethyl  group  of  toluene  coordinated  with  center  of 

the  benzene  ring.  Hydrogen  repulsion  considerations  would  favor  the  aethyl 

group  sway  froa  the  benzene  ring.  At  present  we  are  not  able  to  resolve 

these  geoaetries  further,  but  it  seeas  clear  froa  the  data  that  only  one 

arrangeaent  exists.  Preliainary  atoa-atoa  potential  calculations  (exp  -6) 
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scan  to  favor  the  benzene  displaced  toward  the  aethyl  group.  ' 


Ve  tkosld  expect  to  obxerve  a  siallar  tpoctral  patten  for  The 
2-eolor  MS  apactraa  of  (aea  Fit.  3  *0^  Table  II)  at  6^  coaaiata  of 
aa  iatease  doablet  red  ablfted  by  45  ca~^  aad  a  few  weak,  leae  red  abifted 
featarea.  We  aatgest  tbat  the  -45  ca~^  bead  la  tbe  traaaltloa  of  the 
parallel  dlaplaeed  coaforaatloa.  The  leaa  red  ahlfted  featarea  aay  partly 
be  dae  to  the  perpeadlealar  coaforaatlOBa  of  kgihg  aad  partly  dae  to  the  waa 
der  laala  aodea  of  the  parallel  dlaplaeed  coaf Igaratloa.  The  lateaalty 
dlatribatloa  la  coaalateat  with  that  obaerwed  for  hg*:hg. 

The  doablet  aatare  of  the  6^  of  hg*:hg  la  eaaaed  by  the  llftiag  of  the 
degeaaraey  of  the  hg  6^  atate  dae  to  the  redaced  aite  ayaaetry  la  the  dlaer 
(aite  aplittlag).  The  aite  aplittiag  for  6^  hg*:hg  la  aboat  4.5  ea~^  aad  la 
alallar  to  that  obaerwed  in  hg  :hg  (aea  below)  aad  the  beaxeae  cryatal.  ° 

While  the  geoaetry  dealgaatioae  for  the  dlffereat  aeta  of  traaaitioaa 
are  baaed  oa  coapariaioae,  reaaoaabllity  argaaeata,  qaalltatlwe  data,  aad 
prellalaary  ealcalatloaa,.  the  coaclaaioa  that  two  diatiaet  geaeral  geoaetrie 
arraageaeata  exiat  for  the  tolaeae-beaxeae  dlaer  la  certaia.  Thia  poiat  la 
oae  that  deaerwea  eaphaaia  aad  the  oae  that  haa  giwea  aa  the  iaaight  iato 
the  atraotare  of  the  beaxeae  aad  tolaeae  diaera  diacaaaed  below.  The 
parallel  dlaplaeed  aad  perpeadlealar  arraageaeata  are  the  beat  aaggeatioaa 
at  thla  tlae  for  the  two  geoaetrlea. 

2.  laotope  effeeta 

* 

The  aixed  dlaer  hgthg  traaaitioaa  are  red  ahlfted  relatlwe  to  the 
hg*  aoaoaer  traaaitioaa,  la  geaeral.  Thia  ahift  la  dwe  to  addltloaal 
atabillxatioa  of  the  exeited  atate  vpoa  eoaplexatioa.  Thwa,  oae  expaeta 
that  the  hg*:dg  traaaltloa  will  be  lower  la  eaergy  thaa  the  hg*:hg 
traaaltloa.  Aa  eaa  be  aeea  la  Figa.  2,  4,  aad  5  aad  Table  IW,  thia  la  the 
oppoaite  of  what  la  aetaally  obaerwed.  Aa  the  8^  atatea  of  tolaeae  aad 
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panted  by  sore  than  600  c%~^ ,  apectral  ahifta  dne  to  quasi- 
reaaoBaaee  interactions  between  the  eonstltnent  Boleonles  sbonld  be 
negligible.  Studies  of  Isotopic  nixed  crystals  of  benxene  show  that 
isotopic  effects  on  the  gas  to  crystal  shifts  (AD)  are  different  for  h^  in 
df  (15  cn  )  and  d^  in  h^  (-9  cn  ).  The  nixed  diner  in  the  gas  phase 
conld  be  sbbjected  to  sinllar  effects.  The  energy  difference  between  hg*:h^ 
and  hg*:d^  and  dg*:dj  and  dg*:hg  can  then  be  analysed  aa  a  conbination  of 
the  nornal  isotopic  effect  and  the  iaotope  effect  on  the  gas  to  cluster 
shift.  This  analysis  yields  large  nornal  isotopic  effects:  -12  en~^  for 
the  and  -8.6  ca~^  for  the  6bg^  transitions.  Unfortunately,  no  nixed 
crystal  data  are  available  for  this  syaten  and  direct  conparison  cannot  be 
nade.  These  values  appear  large  to  ns  and  nay  well  be  hiding  additional 
interactions  not  considered  in  the  above  analysis. 

3.  Excited  state  dynanics 

Benzene  and  toluene  nolecnles  are  known  to  forn  exciners  in 
solution.  Toluene  does  not  forn  an  exciner  as  readily  as  benzene, 
supposedly  due  to  sterlc  hindrance  between  the  nethyl  groups.  The  present 
lifetine  data  for  hg*:hg  show  a  gradual  shortening  fron  the  0^  to  12^ 
states  and  eventually  approach  the  36  ns  lifetine  for  6^  of  hg*:hg.  This 
shortening  of  the  lifetine  can  be  attributed  to  three  apparent  eansea: 
(a)  Intranolecnlar  vibrational  redistribntion  (ITX).  (b)  intersysten 
crossing,  and  (c)  exciner  fornstion  with  a  finite  energy  barrier.  Since  the 
8^  lifetine  data  are  obtained  by  nonitoring  the  intenalty  of  the  (hgthg)**^ 
ions.  ITB  has  no  inpact  on  the  observed  lifetine  as  long  as  the  enployed 
ionization  energy  will  ionize  the  hg*:hg  0^.  Intersysten  erosaing  aeens 
nnlikely  to  affect  the  toluene  benzene  lifetine  because  the  Sj  lifetines  of 
higher  benzene  clnsters  are  not  shortened.*  fe  therefore  suggest  that  the 
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skortaaiag  of  the  llfetlae  of  the  tolaeae-beaxeae  tfiaex  ie  aa  iadlcatloa 
of  axciaar  foraatloa:  the  parallel  displaced  coaf Igaratioa  chaates  to  a 
parallel  madiaplaeed  aad  more  tightly  boaad  coaf igaratioa.  The  obaerTatioaa 
that  the  lifetlae  of  the  0^  level  is  loag  aad  that  the  llfetlaes  of  the  12^ 
level  of  hg*:hj  aad  the  6^  level  of  h^^ihg  are  short  give  soae  idea  of  the 
barrier  height  for  exclaer  foraatioa.  As  12^  is  933  ea~^  higher  ia  eaergy 
thaa  the  0^,  ve  aaggest  that  the  barrier  height  is  ~900  ea~^. 

B.  Beaxeae  dlaer 
1.  Geoaetry 

To  obtaia  a  clear  pictare  of  the  relative  orieatatioa  of  the  beaxeae 
aolecales  la  the  beaxeae  dlaer,  a  discassioa  of  the  iateraolecalar 
iateractioas  is  accessary. 

For  the  traasitioa  or  aay  totally  syaaetric  vibratioa  bailt  oa  it, 

21 

the  beaxeae  diaer  eaergy  caa  be  vrittea  as, 

E  -  a  +  D  ± 

ia  vhlch  s  is  the  aolecalar  traasitioa  eaergy,  B  is  the  gas  to  claster 
shift,  aad  Mj^2  ezeitoa  or  ezeitatioa  ezchaage  eaergy.  If  the  two 

coapoaeats  ia  the  diaer  are  aot  syaaetry  related  (i.e.,  aot  eqaivaleat), 
thea  the  gas  to  claster  shift  teras  caa  be  differeat  for  each  aolecale  aad 
the  above  eqaatioa  becoacs  slightly  aore  coaplicated. 

The  observed  spectraa  vill  be  stroagly  depeadeat  oa  the  syaaetry  of  the 
dlaer.  If  the  two  aoaoaer  aaits  are  ia  a  parallel  aadisplaced  coaf  igaratioa 
(i.e.,  the  three-fold  axis  is  preserved  ia  the  diaer),  ao  absorptioa  will  be 
observed  for  the  Oq^  traasitioa  aad  ao  site  splittiag  vill  be  observed  for 
6q^.  With  lover  thaa  Cj  syaaetry  either  oae  or  two  diaer  featvres  oaa 
appear  at  the  Oq^  traasitoa  aad  the  6q^  traasitioa  will  split. 
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Tbe  detail*  of  the  spectra  also  dspead  os  the  loterBOlecalar 
isteractioas.  Since  osly  one  absorption  featnre  appears  at  the  for  each 
diner  and  the  is  a  donblet,  certain  severe  restriction  are  placed  on  the 
geonetry  of  (beBxene)2. 

As  can  be  seen  fron  the  spectra  of  the  0^^  region,  the  isotope  effects 
are  relatively  snail  and  do  not  doninate  the  line  positions  (Fig.  6). 
However,  ezciton  effects  do  control  the  separation  between  the  isotopic 
diners  (hg*:h^  and  h£*:d^*,  d^*:d£  and  d^*:h^),  as  the  hononolecnlar  or 
'pare'  diners  are  always  lower  in  enerav  than  the  heteronolecnlar  or  'nixed* 
diners.  The  energy  separation  \  between  h^*:h^  and  h^*:d^  and  d^*:df  and 
d£*:h^  can  be  analyzed  as  follows: 

II22 

in  which  A  is  the  isotope  effect,  AD  is  the  isotope  effect  on  the  gas  to 
clnster  shift,  and  6  it  the  qnati-resonance  tern.*  The  contribntion  of  the 
terns  A,  AD  and  6  to  f  have  different  signs  for  the  h^*  diners  and  d^* 
diners',  the  M22  tern,  however,  always  hat  the  sane  sign.  One  then  finds 

(3.32  cn“^)j^  •--A  +  AD-6  +  M22. 

6 

(3.17  cm~h^  •  -  +  A  -  AD’  +  6  +  II22 
or 

6.49  en“^  -  AD  -  AD’  ♦  2M22. 
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Fron  the  stndy  of  isotopic  nixed  benzene  crystals,  one  finds  that 
AD’  >  3/S  AD.  Thns  for  the  transition, 

2M22  ♦  2/5  AD  -  6.49  cn"^. 
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Givaa  tbe  sboTC  ob»erT«tioB«,  tbe  beozene  diaer  asst  be  cacb  tkat  the 
two  aolecales  are  syaaetry  related  (eqalvalent).  The  traasltioa  to  the 
apper  czcitoa  eoapoaeat  is  spectroscopically  forbiddea.  Two  sack 
arraaseaeats  of  the  aoaoaer  snbaaits  caa  giae  rise  to  the  obseraatioas: 
(1)  D2|^  syaaetry  with  both  sabaaits  lyiag  ia  the  saae  plaae  aad  (2)  ^2h 
syaaetry  with  the  aolecales  parallel,  atached,  aad  displaced.  The  first 
coaf igarat ioa  seeas  aalihely  based  oa  hydrogea  repalsioa  aad  ezciaer 
foraatioa.  The  C2jj  parallel  displaced  coaforaatioa  is  fsTored.  The  aost 
reasoaable  displaced  geoaetry  probably  aiaiaizes  the  repalsioa  eaergy.  We 
belieTC  this  voald  iaply  a  displaceaeat  aloag  the  y-azis  (throagh  a  earboa 
atoa).  The  allowed  traasltioas  ia  C2^  syaaetry  is  Aa-<>Ag  aad  the  forbidden 
traasltioa  is  Bg-*-Ag.  In  this  geoaetry,  the  diaer  does  not  have  a  gronnd 
state  dipole  aoaeat. 

Siailar  spectra  are  observed  for  the  aontotally  syaaetric  vibronic 
traasltioa  Note  the  peeallar  line  shapes  for  the  traasltioa  of 

d^*:h^  aad  d^*:d^.  This  aay  be  dae  partly  to  the  iacrease  in  the  liae  width 
of  the  ezcltatioa  laser  to  ~1  cb~^,  a  resalt  of  aiziag  1.06  pa  with  doabled 
LDS  698.  Eaploying  reasoning  coaparable  to  that  for  the  Oq^  traasltioa  to 
analyze  the  6q^  featares,  we  fiad 

21^2 '  +  2/5  AD  -  3.99  ea"^ 

9 

in  which  **12  **  ▼  irtaally  zero  based  oa  a  coaparlaoa  of  pare  and 
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isotopieally  aized  beazeae  crystal  data  and  siailar  valaes  of  the  site 
splitting  la  hf*:h^  aad  h^*:d^.  Thas,  AD  Is  approziaately  eqaal  to  10  ea~^. 
If  we  set  AD(6g^)  «  ADCOq^),  thea  M22  **  ca~^.  This  walae  is  siailar  to 

the  varioas  valaes  foaad  for  the  beazeae  crystal,  albiet  with  the  beazeae 
aolecales  ia  a  different  orieatatioa.^^  The  6^  aite  splittiag  obtained  ia 
the  preseat  stady  is  ~3.6  ea~^  which  is  aearly  identical  to  that  foaad  for 
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the  benceae  crjetel.  All  these  resalts  ere  eonslsteat  with  e  C2|^  Aiaer 
synetry. 

The  walae  of  M22  fot  the  0^  01  (bentene)2  caa  also  be  deteraiaed  based 
oa  the  obserwed  eaergies  for  the  Oq^  aad  traasitioas  of  h^*:h^  aad 

h^  -if-  The  wibratioaal  iatcrwals  of  a  gaest  la  aa  Isotopic  aized  beazeae 
crystal  are  iadepeadeat  of  isotopic  sabstitatioa  of  the  host.  Tbas.  the 
walae  foaad  for  6^  ia  h£*:d^  (521.4  ca~^)  shoald  be  the  trae  walae  of  6^  la 
the  dlaer.  Ia  additioa.  the  aoatotally  syaaetric  wibratioas  ia  a  pore 
isotopic  crystal  or  dlaer  carry  little  or  00  ezcltoa  splittiag  aad  are  bailt 
00  the  ezcltoa  baad  ceater.  aot  oae  of  the  ezcltoa  lewels.  The  aeasared 
6^-0^  separatioa  for  h^*:h^  is  523.3  cb~^.  bat,  based  00  this  reasoalag,  the 
trae  6^-0^  separatioa  is  521.4  ca~^.  The  ezcitoa  baad  ceater  is  thos 
1.9  ea~^  higher  thaa  the  obserwed  lower  eaergy  ezcitoa  baad 

coapoaeat.  This  aethod  of  calcalatlag  the  ezcltoa  iateractioa  yields  M22 
*>1.9  ca~^.  Siailar  estiaates  caa  be  aade  for  d^*:d^,  d^*:h^  diaers,  bat  the 
traasitioas  ia  these  diaers  are  aot  well  resolwed.  Aa  accarate  walae  of 
6^  for  d^*  is  thas  aot  readily  awailable. 

The  aaalysis  of  the  Oq^  ezcitoa  baad  based  oa  jast  the  Oq^  traasitioas 
of  hg*:hg,  h^*:d^  aad  dg*:dg,  dg*:hg  giwes  the  baad  ceater  ~1.3  ca~^  abowe 
the  obserwed  hoaodiaer  origias  aad  a  walae  of  N22  eqaal  to  ■*'1.3  cb~^. 
Coasideriag  the  warioas  asaaaptioas  aade  ia  both  ealealatioaa,  the  beat 
walae  of  1^2  i>  probably  aa  awerage  of  these  estiaates:  therefore.  M22 
ca->. 

The  beazeae  dlaer  was  prewioasly  saggested  to  be  polar  based  oa  a  NBES 
stady.  *  This  work  coaclades  that  the  dlaer  has  €2^  ayaaetry  with  the  two 
beazeae  aolecalcs  perpeadiealarly  srraaged  relatiwe  to  oae  aaother.  We 
beliewe  that  this  perpeadiealsr  €2^  arraageaeat  ia  a  reaaoaable  oae  based  oa 
these  data  aad  the  beazeae  crystal  data.  As  eaa  be  aeea  ia  the  beazeae- 


tolveae  lystaa.  two  different  conf orset lone  are  possible  eves  tbooKh  tbe 
parallel  displaced  (lov  transition  energy)  confornation  is  doninant  for  onr 
bean  condition.  If  tbe  statistical  distribution  between  tbe  two  possible 
geometries  for  tbe  benxene  diner  is  tbe  same  as  for  tbe  tolnene-benxene 
dimer,  we  would  probably  not  be  able  to  detect  tbe  perpendicular 
configuration  of  tbe  benzene  dimer. 

A  recent  calcnlat  ionl2«  suggests  that  tbe  benxene  dimer  geometry  is 
close  to  tbe  parallel  stacked  displaced  configuration  bat  with  tbe  'ligand' 
ring  tilted  out  of  tbe  plane  by  ~26*  (i.e..  _\).  This  calculation  employs  a 
ezp-€-l  potential.  Tbe  geometry  calculated,  however,  is  inconsistent  with 
our  spectroscopic  data.  Nonetheless,  this  potential  gives  a  'local  minimum' 
(-90S  vs  -915  cm~^)  in  the  surface  at  the  parallel  stacked  displaced  ^2h 
configuration  suggested  by  the  present  experimental  data.  We  will  discuss 
calculations  for  tbe  benxene  and  toluene  dimers  in  a  subsequent  publication. 

2.  Excited  state  dynamics 

Tbe  shortening  of  tbe  lifetime  of  tbe  benxene  dimer  with  respect 
to  tbe  benxene  monomer  (36  ns  vs.  103  ns)  has  been  attributed  to  excimer 
formation  upon  excitation.^  The  previous  work  suggests  a  transformation  of 
a  ground  atata  perpendicular  conformation  to  a  parallel  stacked  (sandwich) 
excimer  geometry.  Based  on  the  parallel  displaced  configuration  determined 
in  the  last  section,  tbe  excimer  transformation  must  take  the  dimer  from  a 
parallel  displaced  configuration  to  a  parallel  stacked  (undisplaced) 
configuration.  The  parallel  displaced  ground  and  nonexcimer  excited  state 
configuration  of  tbe  benxene  dimer  would  appear  to  facilitate  tbe 
transformation,  with  aero  energy  barrier,  to  the  excimer  geometry. 


C.  Tolsene  iimer 


Dae  to  the  eoaplcxlty  of  ike  tolaeae  diaer  xpectraa,  the  geoaetrp  aad 
•zeited  state  dpaealcs  of  this  spstea  csaaot  be  elacidsted  with  say 
certsiaty  at  preseat.  Bovever.  the  fact  that  the  absorptioa  beads  exhibit 
differeat  ioaixstioa  eaergy  depeadeace  saggests  that  the  tolaeae  diaer  has 
two  differeat  accessible  coaf ignrstioas. 

la  the  tolaeae  beaxeae  systea.  the  aore  red  shifted  parallel  displaced 
coaforaatioa  has  a  lower  ioalzatioa  eaergy  thaa  the  less  red  shifted 
perpeadicnlsr  coaforaatioa:  this  ssae  behavior  is  obserred  for  the  tolaeae 
diaer.  The  sharp  featores  aear  -20  ca~^  froa  the  tolaeae  aoaoaer  woald  thea 
be  associated  with  the  perpeadiealar  diaer  aad  the  broader  features  to  the 
low  eaergy  side  of  the  traasltioa  woald  be  associated  with  the  parallel 
displaced  diaer  (Figs.  8-11).  The  lifetiae  data  for  hg*;hg  seea  to  favor 
this  geaeral  iaterpretatioa.  However,  the  Sj  lifetiaes  appear  to  be  a 
fuactioa  of  beaa  coaditioas  aad  isotopic  substitutioa  (Table  VI)V  a  flra 
coaclusioa  therefore  is  difficult  to  reach. 

The  poteatial  surfaces  for  these  two  species  aust  be  very  close 
together  at  this  eaergy  aad  the  spectra  are  clearly  quite  depeadeat  oa 
teaperature  aad  the  exact  positioas  of  the  eaergy  levels.  At  the  preseat 
tiae  we  caa  oaly  be  certain  that  at  least  two  configurations  for  the  toluene 
diaer  exist  and  one  of  thea  has  a  reduced  lifetiae. 

V.  Conclusion 

Through  the  observation  of  lifetiaes,  absorption  (2-color  TOFMS 
detected).  Isotopic  substitution,  aad  ionisation  eaergy  depeadeaces, 
iaforaatioa  has  beea  gathered  on  three  aroaatic  diaers:  (beBzeae)2t 
(tolueae-beaseae),  and  (tolueae)2.  The  ability  to  coapare  end  eoatrast  the 
behavior  found  for  the  three  systeas  has  also  been  of  considerable 
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■Bslttaac*  la  deteraialag  their  etractare  aad  dyatBics.  The  iaporteat 
laforaetioa  ohteiaed  la  this  stady  cea  be  saBaarized  aa  followa: 

1.  Two  dlffereat  coaforaatioaa  were  ohaerwed  for  tolaeae-beaxeae  aad 
(tolaeae)2>  la  oae  coaforaatioa  the  aolecalea  are  arraaged  ia  a 
perpeadlcalar  faahioa  aad  ia  the  other  they  are  parallel  aad  diaplaced. 
Oaly  the  parallel  diaplaced  coaf igaratioa  ia  obaerwed  for  (beazeae)2  ia 
theae  optical  ezperiaeata.  Both  diaer  geoaetriea  of  the  tolaeae  aad 
tolaeae-beaxeae  ayateax,  parallel  aad  perpeadlcalar,  hawe  aiailar  eaoagh 
biadiag  eaergiea  to  be  preaent  la  the  beaa  ezpaoxioa  aiaaltaaeoaaly. 

2.  The  claater  ahifta  for  the  traaaitloaa  of  the  parallel  diaplaced 
coaf ignrat ioa  diaera  are  -40  cb~^  for  h^*:h^,  -45  ca"^  for  hg*:hg,  aad 
-250  CB~^  for  hg*:h^.  Ia  the  perpeadlcalar  coaf  igaratioa  thix  ahift  ia 
-25  ca”^  for  hg*:hg  aad  -20  ca"^  for  hg*:hg.  Theae  ahifta  iaply  that  the 
excited  atatea  are  aore  tightly  boaad  thaa  the  groaad  atatea. 

3.  The  ezchaage  or  ezcitoa  aplittiag  ia  the  0^  lewel  of  (beaxeae)2  haa 

beea  foaad  ia  two  waya:  aa  laotoplc-excitoa  aaalyala  of  the  Oq^  traaaitioa 
aad  a  baad  ceater  detera iaat ioa  baaed  oa  6^.  Each  aethod  haa  a  awaber  of 
aaanaptioaa  aad  the  walaea  for  U^2  ca~^  aad  1.9  ob~^,  reapectiwely. 

The  beat  eatiaate  of  M22  Is  probably  ~l.d  ca~^. 

4.  The  aite  aplittiag  of  6^  ia  3.6  ca~^  ia  the  beaxeae  diaer. 

5.  The  parallel  diaplaced  coaforaatioa  of  the  beaxeae  aad  tolaeae- 
beaxeae  diaera  ia  the  excited  atate  traaafora  iato  aa  exoiaer  geoaetry, 
thaa  ahorteaiag  the  excited  atate  lifetiaea.  The  barrier  heights  are  ~0  ea~ 
^  for  (beaxeae)2  aad  <*>900  ca~^  for  tolaeae-beaxeae. 
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Further  work  on  these  systems  is  being  carried  out  in  three 
different  directions:  1 )  calculations  of  shifts  and  structures  based 
on  a  number  of  different  potentials,  2)  two>pboton  spectroscopy  at 
much  higher  sensitivity;  and  asymmetric  isotropic  substitution 
studies. 
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TABLE  I 


Toluene-benzene  (hg:hg)  transitions  observed  by  2  color  -  TOFMS 


detection  between  37230  and  38200  cm 


Transition  energy 

Relative 

Dimer  Vibrational 

Tentative 

-  —  -  ■  ^  . 

(vac  cm 

Intensity 

intervals 

-1 

cm 

(cm  S 

assignments^ 

0°  37230.5 

100 

0 

-247.0 

„0 

•,  . 

0 

a' 

o 

37238.2 

8 

7.7 

-235.1 

• 

372A9.0 

7 

18.5 

-225.3 

B 

o 

..1 

' 

37272.4 

90 

41.9 

-201.4 

V 

o 

1 

.  1..1 

37283.0 

38 

52.5 

-191.6 

A  V 
o  o 

..2 

37305.6 

86 

75.1 

-170.9 

V 

o 

.1„2 

37313.8 

21 

83.5 

-162.9 

A  V 
o  o 

-1..2 

37324.7 

21 

94.2 

-152.3 

B  V 

O  0 

37344.4 

30 

113.9 

-132.7 

/.•:v 

37375.0 

17 

144.9 

-101.0 

i 

37453.5 

15 

-  24.2 

°o  P 

^  ■  'r 

37468.7 

17 

-  8.8 

37470.6 

19 

-  6.9 

37484.4 

19 

6.9 

w  ■ 

k— r- 

37486.8 

19 

9.3 

37493.2 

10 

15.7 

37499.7 

14 

22.2 

37502.2 

13 

24.7 

37508.5 

8 

31 

37512.9 

8 

35.4 

37514.9 

9 

37.4 

15^ 

^^o  37563.5 

7 

0 

-244.0 

isj  pi 

15’vl 

37606.2 

6 

42.7 

-201.3 

o 

15^V^ 

37640.4 

3 

76.9 

-167.1 

f 

37693.1 

23 
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0 

-243.4 

6a^ 

o 

pd 

1 

3773U.3 

19 

41.2 

-202.2 

\n 

r " 

37768.9 

18 

75.8 

-167.6 

6a  V  i  66^6 

1 

b 

37926.5 

5 

-  10.0 

6a^ 

o 

P 

37941.7 

37956.4 

37761.5 

4 

5 

60 

0 

5.2 

20.0 

-246.0 

6b^ 

6bV 

O  0 

pd 

f 

37803.6 

50 

42.1 

-204.0 

- 

37816.1 

20 

54.6 

-191.4 

6b^A^V^ 
o  o  o 

37838.0 

45 

76.5 

-169.5 

6b^V^ 

0  o 

.* 

37846.2 

12 

84.7 

-161.3 

6b^A^V^ 

0  O  0 

i 

37856.7 

10 

95.2 

-150.8 

bb^aV 

o  o  o 

37876.9 

37909.0 

37984.2 

15 

13 

20 

115.4 

147.5 

0 

-130.6 

-  98.5 

-245.8 

ljp<l;6b‘ 

P 

^ ' 

*•  *•  / 

37990.1 

2 

5.4 

-240.4 

o  o 

pd 

•jm 

38000. 1 

5 

15.4 

-230.4 

ijB‘pd:6bJ 

P 

c 

38015.1 

4 

30.4 

-215.4 

6b^ 

o 

E 

38031.2 

15 

46.5 

-199.3 

P 

38041.1 

8 

56.5 

-189.4 

iVv^ 

o  o  o 

pd 

e'*  ' 

38064.6 

14 

79.9 

-165.9 

pd 

38160.1 

20 

0 

-250.4 

pd 

f'" 

38200.5 

25 

0 

-242.0 

18a^ 

o 

pd 
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*  11 

Shifts  are  relative  to  hg  transitions.  For  ba^  and  1q  transitions  shifts  are 
relative  to  the  more  Intense  Feml  resonance  components. 

Assignments  are  tentative.  A, 6  refer  to  the  bending  modes  and  V  indicates  the 
stretching  mode  pd  and  p  indicate  the  absorption  features  are  due  to  the 
parallel  displaced  and  perpendicular  conformations,  respectively.  No  indication 
of  pd  or  p  implies  an  assignment  to  the  geometry  most  recently  stated. 


Energy 
(vac  cm  ) 


Relative  Dimer  shifts 
Intensity  (cm  S 


Assignments 


38555.9 

31 

-52.8 

»'8 

38560.5 

100 

-48.2 

6^ 

o 

38565.0 

81 

-43.7 

6^ 

o 

* 

38568.9 

33 

-39.8 

»'8 

* 

38574.1 

27 

-34.6 

"8 

* 

38577.9 

27 

-30.8 

*'8 

38582.2 

33 

-26.5 

* 

* 

38586.7 

29 

-22.0 

* 

38590.5 

23 

-18.2 

‘*6 

* 

38595.8 

24 

-12.9 

*'6 

* 

38600.9 

22 

-  7.8 

•’6 

* 

38606.8 

19 

-  1.9 

*  1  -1 

a.  Dimer  Shifts  are  relative  to  h,  6  ,  38608.7  cm 

6  o 

b.  Assignments  are  tentative  and  are  derived  from  the  comparison  of 

the  :  hg  and  hg  :  dg  spectra.  (See  fig.  3).  pd-  parallel 

displaced  configuration. 


TABLE  III 


The  S^llfetlmes  t  of  Isotopically  substituted  toluene-benzene  and 
benzene  dimers  at  various  vlbronlc  levels. 

Sj  lifetime  In  nanoseconds 


Isotopic  0°  6b^  12^  6^ 

species 


Table  IV 


The  0°  and  6b^  bands  of  Isotopically  substituted  t oluene-benzene 
dimers. ^ 


Transitions 


8 

vac.v 


Av‘ 


(cm 


Av, 


.  h  h 
Av  ,-Av, 
d  n 

(cm 


V  ac.  V 


**8 ‘‘*6 


Av 


(cm 


Av^ 


d  d 
Av“-Av 
d  h 

(cm“h 


37477.5  -242.7  -247.0 


6b 


38007.5 


-243.1  -246.0 


4.3 


2.9 


37671.5  -251.9  -259.8 


38178.5  -249.9  -255.1 


7.9 


5.2 


TABLE  V 


Transitions 


* 

(v  ac  .  \)  ) 

A  h 

(cm  S 

A  ^ 

.  h  h 
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d  n 
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* 
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<^>■6 

< 

(cm  S 

<  =  ■“6 

A 

00 

o 

00 
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-42.0 

3.3 

38289.  l'^ 

-39 

-42.2 
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1 

00 
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1.3 

38787.3 

-44.2*^ 
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-39.4 

1.4 

1 
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Fig  1  . 


2-color  TOF  mass  spectra  of  near  the  toluene  electronic 

*0  -1 

origin-  Energy  scale  is  relative  to  h^  0^  at  37477*5  cm 
Note  the  different  ionization  energy  dependence  of  the  absorption 
features.  Experimental  conditions:  50pm  CW  nozzle,  nozzle  temp 
=  25°C,  backing  pressure  =  200  psi. 


Fig  2  Expanded  traces  of  the  2-color  mass  spectra  of  bQ:hj^  and 

*  *  o  *0 

h„;d,  near  the  ho  0  .  Energy  scale  is  relative  to  the  h^  0  . 
bo  bo  bo 

Note  that  the  spectral  shifts  due  to  isotopic  substitution  are  minor 
(2cm~^).  Experimental  conditions:  0.5mm  pulsed  nozzle,  nozzle 
temp  •  25°C;  backing  pressure  =  100  psi. 


Fig  3. 


«  *  .*  • 

2-color  mass  spectra  of  hgZh^  /hg:h^  and  near  the  h^ 

1  *1-1 

6  .  Energy  scale  is  relative  to  h,  6  at  38b08.7  cm  . 

0  0  0 

« 

Absorption  features  of  h^:hg  can  be  identified  by  comparing  these 
three  spectra  (see  Table  II^.  Experimental  conditions:  see  Fig.  2. 


•  *  o 

Fig  4.  2  color  mass  spectra  of  hg:dg  and  hg:h^  near  the  0^  of  the 

parallel  displaced  configuration  of  hg:h^.  Energy  scale  is  relative 

*  o 

to  the  h_  0  at  37477*5.  Note  the  unusual  isotopic  shifts 
80 

(Table  IV j.  Experimental  conditions:  see  Pig  2. 


f  rV.V. 


2  color  mass  spectra  of  jnd  near  the  0^  of  the 

parallel  displaced  configuration  of  d^th^.  Energy  scale  is  relative 
*  o  -1 

to  the  d„  0  at  37671.5  cm  .  Note  the  unusual  isotopic  shifts 
o  0 

(see  Table  IV Experimental  conditions:  see  Fig  2. 

•  *  •  « 

2-color  mass  spectra  of  h^;d^,  h^:h^,  d^:hg  and 

at  the  0°.  Note  that  the  homomolecular  dimers  are  always  to  the 

lower  energy  of  the  hetermolecular  dimers  (see  Table  V).  Energy 

o  *  -1  * 

scales  are  relative  to  the  0  of  h  (36086.1  cm  )  and  d, 

Ob  b 

(38289.1  cm”^).  Experimental  conditions:  see  Fig  2. 

«  *  •  • 

2-color  mass  spectra  of  ‘^6**^6 

at  the  6^  In  all  cases,  the  homomolecular  dimer  are  found 
o 

to  the  lower  energy  of  the  heteromolecular  dimers  (see  Table  V). 

1  *  -1 

Energy  scales  are  relative  to  the  6^  of  h^  (38608.7  cm  ) 

and  d,  (38787.3  cm”^).  Experimental  conditions:  see  Fig  2. 
b 

•  • 

2-color  mass  spectra  of  6g:dg  and  byShy  near  the  toluene 

*  0 

electronic  origin.  Energy  scale  is  relative  to  the  h-  0  . 

o  o 

Experimental  conditions:  0.5nun  pulsed  noxzle,  backing  pressure  ■ 

100  psi,  nozzle  temperature  -  4°C,  A,  “  3029^. 


Fig  9*  2-color  mass  spectra  of  and  near  tne  toluene 

-  d  electronic  origin.  Energy  scale  is  relative  to  the 
o 

*  o 

dy  0^.  Experimental  conditions:  see  Fig  8. 

« 

Fig  10.  Top  trace;  2  color  mass  spectrum  of  h^thg. 

Bottom  trace:  1 -color  TOF  mass  spectrum  of  h„:hQ.  Energy 

8  O 

*  o 

scale  IS  relative  to  the  h„  0  .  Note  the  different 

8  o 

ionization  dependence  of  the  absorption  features.  Experimental 
conditions:  see  Fig  8. 


Fig  11. 


Top  trace:  2-color  mass  spectrum  of  dgtdg; 

* 

Bottom  trace:  1 -color  TOF  mass  spectrum  of  dgtdg.  Energy 

*  o 

scale  IS  relative  to  the  d^,  0  .  Again,  note  the  different 


ionization  energy  dependence  of  the  absorption  features. 
Experimental  conditions:  see  Fig  8. 
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